AD-A090  571  DOMING  UN1V  LARAMIE  DEPT  OF  MECHANICAL  ENGINEERING  F/G  11/4 

DAMAGE  MECHANISMS/FAILURE  MECHANICS  OF  CARBON-CARBON  COMPOSITE  — ETC (U> 
SEP  79  D  E  WALRATH*  0  F  ADAMS  N00014-77-C-0503 

UNCLASSIFIED  UWME-0R-904-101-1  NL 


AO  A09057x 


■ 

UWME-DR-904-101-1 


Arri  D 


DAMAGE  MECHANISMS/ 
FAILURE  MECHANICS 
OF  CARBON-CARBON 


d> 


^DAMAGE  MECHANISMS  /  FAILURE  MECHANICS  l 
OF  CARBON-CARBON  COMPOSITE  MATERIALS  -  • 


'interim  Kepertlj/ 
UWME- DR-904 -101-1 j 


September  1979 


Submitted  to: 

Office  of  Naval  Research 
Arlington,  Virginia  22217 

Attention:  Dr.  Arthur  M.  Diness ,  Director 
Metallurgy  and  Ceramics  Program 

ONR  Contract  N0Q014-77-C-05O3 ' 
Project  No.  NR  039-149/5-18-77  (471) 


*  A  V 


Q  v  )j&  W\ 

r,BSl3 


Submitted  by: 

J ,  David  E./walrath  and  Donald  F. /Adams  j 
’  Principal  Investigators 

Department  of  Mechanical  Engineering 
University  of  Wyoming 
Laramie,  Wyoming  82071 
(307)  766-2177,  766-2371 


|  IHSf  RI5UTIUN  ‘ST  A 17  j\±Nf  A  * 

Ac'.nrrvrM  fvy-  ]  l  ;  raSeusu?; 


T  t  ’ 


TABLE  OF  CONTENTS 


Page 


FORWARD  .  1 

ABSTRACT  .  2 

SECTION  1  -  Introduction  and  Summary  .  3 

SECTION  2  -  Mechanical  Properties  Measurements  .  5 

2.1  -  Material . 5 

2.2  -  Tension  Testing . 5 

2.2.1  -  Specimen  Configuration  .  5 

2.2.3  -  Results  . 14 

2.3  -  Compression  Testing  . 20 

2.3.1  -  Specimen  Configuration  .  20 

2.6  -  Compression  Testing  -  Instrumentation  .  20 

2.3.2  -  Results  . 22 

2.4  -  Shear  Testing . 22 

2.4.1  -  Specimen  Configuration  .  22 

2.4.2  -  Instrumentation . 25 

2.4.3  -  Results  . 25 

SECTION  3  -  Identification  of  Damage  Initiation  and 

Failure  Modes . 31 

3.1  -  Acoustic  Emission . 31 

3.2  -  Tensile  Damage  Thresholds  .  34 

3.3  -  Compression  Failure  Modes  .  37 

3*4  -  Shear  Failure  Modes . 37 

SECTION  4  -  Conclusions  . . 43 

REFERENCES . 45 


DISTRIBUTION  LIST 


FIGURES 


Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 


Page 


1  -  Orthogonal  Weave  Carbon-Carbon  Composite  Billet 

Before  Cutting  .  6 

2  -  Cutting  the  Carbon-Carbon  Billet  in  the  Wire  Saw  .  .  7 

3  -  Example  Carbon-Carbon  Tensile  Specimen  .  9 


4  -  Example  Gage  Length  Failure  of  a  Tensile  Specimen  .  11 

5  -  Example  Tab  Area  Failure  of  a  Tensile  Specimen  ...  12 

6  -  Fiber  Bundle  Pull-out  of  a  Z-Direction  Specimen  .  .  13 

7  -  Unit  Cell  Dimensions  for  the  Carbon-Carbon 


Composite  Material  Tested  .  19 

8  -  Example  Carbon-Carbon  Compression  Specimen  .  21 

9  -  Typical  Failure  of  Compression  Specimens  .  24 

10  -  Example  Carbon-Carbon  Iosipescu  Shear  Specimen  ...  26 

11  -  Loading  in  the  Iosipescu  Shear  Test . 27 

12  -  Iosipescu  Shear  Test  Fixture . 28 

13  -  Example  Stress-Strain  and  Acoustic  Emission  Plot  .  .  32 

14  -  Nonloaded  Carbon-Carbon,  100X . 35 

15  -  Crack  in  Partially  Loaded  Z  Direction  Tensile 

Specimen,  100X  36 

16  -  Compression  Buckling  of  Z  Direction  Fibers,  150X  ,  .  38 

17  -  Shear  Crack  in  a  YX  Iosipescu  Shear  Specimen,  150X  .  39 

18  -  Crack  in  a  45  Degree  Compression  Specimen,  100X  .  .  42 


TABLES 


Table  1 
Table  2 
Table  3 
Table  4 
Table  5 
Table  6 

Table  7 


Page 


-  Tensile  Test  Results  for  x-Axis  Specimens  ....  15 

-  Tensile  Test  Results  for  y-Axis  Specimens  ....  1& 

-  Tensile  Test  Results  for  z-Axis  Specimens  ....  17 

-  Compression  Test  Results  .  23 

-  Iosipescu  Shear  Test  Results  .  29 

-  Damage  Initiation  Determined  by  Acoustic  Emission 

During  Tensile  Tests  .  33 

-  Compression  Test  Results  for  45  Degree  Specimens.  41 


FORWARD 


This  report  summarizes  research  work  performed  during  the  first  year 
of  ONR  Contract  N00014-77-C-0503 ,  Project  No.  039-149/5-18-77(471),  spon¬ 
sored  by  the  Office  of  Naval  Research,  Metallurgy  and  Ceramics  Program, 
directed  by  Dr.  Arthur  M.  Diness*  Mr.  John  B.  Patton,  Naval  Weapons  Center, 
China  Lake,  California,  served  as  program  technical  monitor. 

Initially  the  program  was  granted  as  a  one-year  effort,  beginning 
1  August  1977  and  extending  through  31  July  1978.  Additional  tasks  and 
funding  have  since  been  granted;  the  program  presently  is  scheduled  to 
end  on  31  July  1980. 

All  work  reported  here  was  performed  at  the  University  of  Wyoming 
by  Mechanical  Engineering  personnel.  Dr.  Donald  F.  Adams,  Professor,  and 
Mr.  David  E.  Walrath,  Staff  Scientist,  served  as  co-principal  investigators, 
assisted  by  graduate  and  undergraduate  Mechanical  Engineering  students. 
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ABSTRACT 


_ A  100  mm  (Ain)  cubic  billet  of  3-dimensional  cartesian  weave  carbon- 
carbon  material  was  received  in  late  December,  1977.  A  series  of  tests 
were  performed  to  measure  mechanical  properties  during  uniaxial  tension, 
compression,  and  shear  loading.  Extensive  test  development  was  required 
as  standard  tests  for  these  materials  do  not  exist.  Strain  gages  and 
extensometers  were  used  to  measure  strain  during  loading  for  determination 
of  elastic  coefficients.  Acoustic  emission  measurements  were  performed 


on  selected  tests  to  determine  damage  thresholds.  Failure  surfaces  were 
examined  in  a  scanning  electron  microscope  to  study  failure  modes.  - 


SECTION  1 


Introduction  and  Summary 

Three-dimensionally  reinforced  carbon-carbon  composites  are  attracting 
attention  for  use  in  various  high  temperature,  high  performance  applications, 
as  in  rocket  nozzle  throat  regions  or  re-entry  vehicle  nose  tips.  Because 
this  material  is  a  fiber-reinforced  composite,  its  mechanical  properties  can 
be  tailored  by  selectively  reinforcing  specific  directions  to  provide  desired 
strengths  and  stiffnesses.  This  ability  to  control  mechanical  properties, 
coupled  with  favorable  ablation,  thermal  shock,  and  chemical  resistance  has 
prompted  interest  in  acquiring  a  better  understanding  of  these  composite 
materials. 

The  intent  of  this  program  was  to  measure  the  mechanical  properties  of 
a  specific  orthogonally  woven  3-D  carbon-carbon  material,  including  determin¬ 
ation  of  strengths  and  elastic  coefficients  for  all  three  coordinate  directions. 
In  addition,  an  effort  was  made  to  determine  the  onset  of  irreversible  damage 
to  the  composite  structure  due  to  loading,  and  to  understand  the  mode  of 
failure  taking  place.  In  order  to  accomplish  these  goals,  specimens  were 
cut  from  a  100  mm  (4  in.)  cube  of  carbon-carbon  material  supplied  by  ONR. 
Tension,  compression,  and  shear  tests  were  performed  on  specimens  oriented 
parallel  to  each  of  the  three  coordinate  directions.  As  standard  test  speci¬ 
men  configurations  do  not  exist  for  this  material,  several  tensile  specimen 
configurations  were  tried,  with  only  moderate  success.  Problems  arose  due 
to  the  very  low  shear  strength  of  this  material  as  compared  to  its  tensile 
strength.  Compression  tests  were  also  only  partially  successful  as  a  great 
deal  of  fiber  buckling  and  crushing  took  place  at  the  specimen  ends.  One  of 
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the  most  encouraging  aspects  of  the  program  was  the  development  of  the 
Iosipescu  shear  test  for  use  with  carbon-carbon  composites.  Specimens 
were  simple  and  inexpensive  to  fabricate,  the  method  was  easy  to  apply,  and 
the  results  were  both  repeatable  and  consistent  with  results  of  other  in¬ 
vestigators  using  different  test  methods. 

Strain  gages  did  not  work  at  all  well  in  testing  any  of  the  carbon-carbon 
specimens.  The  material  is  locally  so  nonhomogeneous  that  a  small  strain 
gage  is  only  partially  strained  depending  on  whether  it  is  attached  to  fiber 
bundles  or  matrix  material.  Larger  strain  gages  would  help  "average11  out  the 
effects  of  local  nonhomogeneity,  but  could  not  be  applied  to  the  smaller  test 
specimens.  An  effort  was  made  to  minimize  specimen  size  due  to  the  expense 
and  limited  availablility  of  material. 

In  order  to  determine  the  damage  thresholds  under  various  loadings, 
acoustic  emission  was  monitored  during  testing.  Results  of  these  tests  in¬ 
dicate  significant  irreversible  changes  do  take  place  within  the  composite 
structure  well  before  specimen  failure.  A  limited  number  of  test  specimens 
were  loaded  just  past  this  threshold  point,  then  sectioned  and  examined  with 
the  scanning  electron  microscope  to  detect  and  identify  the  damage  mode  taking 
place.  Both  failed  and  untested  specimens  were  also  examined. 

This  report  has  been  divided  into  four  sections,  including  this  intro¬ 
duction.  Section  2  deals  with  test  methodology  and  results.  Section  3  with 
failure  mode  detection  and  identification,  and  Section  4  summarizes  the  con¬ 
clusions  of  this  first-year  effort. 


SECTION  2 

Mechanical  Properties  Measurements 


2.1  Material 

Two  orthogonal  weave  carbon-carbon  billets  were  manufactured  for  ONR 
by  Fiber  Materials,  Incorporated,  Biddeford,  Maine.  Each  billet  was  approx¬ 
imately  200  mm  x  100  mm  x  100  mm  (8in  x  4  in  x  4  in) ,  with  an  average  density 
of  1.9  g/cm^.  Specimens  tested  during  this  program  were  cut  from  Billet 
Number  2696;  this  billet  is  shown  in  Figure  1.  HM-3000  graphite  yarn  was  used 

to  weave  the  billet  preform.  Fiber  bundles  oriented  parallel  to  the  long 
axis  of  the  billet,  designated  the  z  coordinate  axis,  contained  15,000  filaments 
per  bundle,  with  bundles  spaced  1.57  mm  (0.062  in)  apart.  Fiber  bundles 
oriented  in  the  x  and  y  coordinate  directions  contained  6000  filaments  per 
bundle,  and  bundles  were  spaced  1.42  mm  (0.056  in)  apart [1]. 

The  University  of  Wyoming  received  one-half  of  Billet  Number  2696,  a  100  mm 
(4  in)  cube.  The  remaining  half  was  tested  at  Southwest  Research  Institute, 

San  Antonio,  Texas.  The  Wyoming  cube  was  cut  into  tension,  compression,  and 
shear  specimens,  oriented  to  measure  mechanical  properties  in  all  three  of  the 
principal  material  coordinate  directions.  All  cutting  was  performed  at  the 
University  of  Wyoming  using  a  wire  saw.  This  saw  uses  a  small  diameter  metal 
wire  imbedded  with  diamonds,  to  make  very  narrow  kerf  width  cuts;  a  0.2  mm 
(0.008  in)  diameter  wire  was  used  to  cut  the  carbon-carbon,  as  shown  in  Figure 
2.  This  cutting  method  was  used  to  minimize  material  waste,  not  because 
carbon-carbon  is  difficult  to  machine. 

2.2  Tension  Testing 

2.2.1  Specimen  Configuration 


One  of  the  major  problems  encountered  during  the  program  was  designing 
a  suitable  tensile  specimen  configuration.  Two  factors  were  considered  in 
designing  these  specimens.  Fi-st,  carbon-carbon  is  not  at  all  locally  homo¬ 
geneous.  Fiber  bundle  spacing  for  this  material  was  on  the  order  of  1.42  to 
1.57  mm  (0.056  to  0.062  in).  Therefore,  a  tensile  specimen  required  a  large 
cross-sectional  area  to  average  out  local  inhomogeneities,  thus  avoiding  ten¬ 
sile  tests  on  single  or  small  numbers  of  fiber  bundles.  The  second  factor  to 
be  considered  was  the  limited  amount  of  available  material,  a  100  mm  (4  in) 
cube . 

A  total  of  four  different  tensile  test  specimen  configurations  were  tried 
during  a  series  of  42  individual  tensile  tests.  The  initial  specimen  con¬ 
figuration  was  a  100  mm  (4  in)  long  rectangular  prism  with  a  square  cross 
section.  These  specimens  were  cut  such  that  they  contained  36  fiber  bundles 
in  a  6  x  6  array  across  the  cross-sectional  area.  Fiberglass/epoxy  tabs 
were  bonded  to  the  end  25  mm  (1  in)  on  all  four  sides  as  shown  in  Figure  3. 
These  tabs  were  50  mm  (2  in)  in  length,  with  a  6  mm  (0.25  in)  hole  to  accommo¬ 
date  a  pin-clevis  grip  arrangement.  An  epoxy  adhesive  was  used  to  bond  these 
tabs  to  the  specimen,  and  to  fill  the  25  mm  (1  in)  long  cavity  at  the  end  of 
the  specimen  formed  by  the  extra  tab  length.  This  specimen  configuration  was 
not  successful  as  the  carbon-carbon  material  simply  pulled  out  of  the  tabs 
during  initial  tests. 

To  increase  the  shear  area  within  the  tabs,  the  length  of  each  specimen 
end  covered  by  tabs  was  increased  to  38  mm  (1.5  in),  thus  leaving  only  a  25  mm 
(1  in)  gage  section.  When  tested,  these  specimens  also  tended  to  fail  in  the 
tab  region,  stripping  the  tab  away  from  the  carbon-carbon  test  piece. 

In  an  effort  to  further  increase  the  shear  transfer  of  the  adhesive 
bond,  small  grooves  were  cut  into  the  carbon-carbon  specimens  to  establish  a 
mechanical  bonding  between  the  test  specimen  and  the  adhesive.  However,  when 
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tested,  these  specimens  also  failed  in  the  tabs.  It  should  be  noted  here 
that  specimens  which  pulled  out  of  the  tabs  were  retabbed  and  tested  again 
if  no  visual  evidence  of  damage  was  present.  This  procedure  was  necessitated 
by  the  shortage  of  material. 

The  final  change  in  specimen  shape  was  to  neck  down  the  gage  section  of 
the  specimen  to  decrease  the  required  load  at  the  tabs  for  a  given  failure 
strength.  This  step  was  left  as  a  last  resort  to  enable  testing  of  as  large 
a  cross  section  as  possible.  With  100  mm  (4  in)  long  specimens,  a  36  fiber 
bundle  (6x6  array)  cross  section  just  could  not  be  loaded  to  cause  failure 
in  the  gage  section;  therefore,  the  cross  section  was  reduced  to  a  6  x  4 
array  of  fiber  bundles.  Specimens  oriented  parallel  to  the  x  and  y  coordinate 
directions  did  then  fail  in  the  gage  section  approximately  50  percent  of  the 
time.  A  successful  test  is  shown  in  Figure  4;  a  tab  failure  is  shown  in 
Figure  5.  No  gage  section  failures  were  obtained  for  the  stronger  z-direction 
specimens  even  when  the  cross-sectional  array  of  fiber  bundles  was  reduced 
to  5  x  2.  Failures  of  z  direction  tensile  specimens  tended  to  occur  by  fiber 
pullout,  an  extreme  example  of  which  is  shown  in  Figure  6. 

Tensile  specimens  were  instrumented  with  strain  gages  to  measure  both 
longitudinal  and  lateral  strains,  in  order  to  calculate  the  elastic  coeffic¬ 
ients.  Gage  grids  3.2  mm  (0.125  in)  square  were  used;  overall  strain  gage 
size  was  0.25  in.  Strain  gage  behavior  was  greatly  affected  by  the  composition 
of  the  surface  on  which  the  gages  were  bonded,  as  was  to  be  expected  with 
such  an  inhomogeneous  material.  An  effort  was  made  to  bond  the  strain  gages 
to  fiber  bundles  if  possible  rather  than  to  a  layer  of  matrix  material.  Ex- 
tensometers  were  also  employed  to  measure  longitudinal  strains,  as  a  check  of 
the  strain  gage  measurements. 


EXAMPLE  GAGE  LENGTH  FAILURE  OF  A  TENSILE  SPECIMEN 
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Acoustic  emission  sensors  were  placed  on  selected  tensile  specimens 
to  monitor  acoustic  activity  throughout  a  test.  This  was  done  in  an  effort 
to  pinpoint  the  stress  at  which  irreversible  damage  began  to  take  place  within 
the  material.  Acoustic  emission  results  will  be  discussed  in  Section  3.  All 
data  were  recorded  on  a  Hewlett-Packard  2100-S  minicomputer  data  acquisition 
system  for  later  processing  and  plotting. 

2.2.3  Results 

A  total  of  42  tensile  tests  were  performed  on  24  individual  test  speci¬ 
mens.  As  was  previously  mentioned,  specimens  which  pulled  out  of  their  tabs 
during  testing  were  retabbed  and  retested,  some  as  many  as  four  times.  Al¬ 
though  this  retesting  procedure  is  not  normally  desirable,  it  was  forced  by 
lack  of  sufficient  material. 

Results  for  the  tensile  tests  are  summarized  in  Tables  1  through  3  for 
the  three  coordinate  directions.  The  tables  are  organized  such  that  all  of 
the  attempted  tests  for  a  given  specimen  are  shown.  The  last  entry  for  each 
specimen  is  the  test  which  finally  destroyed  the  sample.  Maximum  stresses 
listed  are  the  maximum  tensile  stresses  attained  during  the  test.  All  elastic 
parameters  were  not  measured  for  each  test,  or  meaningful  values  could  not  be 
calculated  due  to  extreme  noise  within  the  data;  these  conditions  are  noted 
in  the  tables.  Although  an  attempt  was  made  to  measure  lateral  strain,  re¬ 
sults  were  too  scattered  to  calculate  meaningful  Poisson’s  ratio  values. 

Thus,  these  elastic  coefficients  are  not  included  in  the  tables.  This  in¬ 
ability  to  accurately  measure  the  lateral  strains  stems  mainly  from  the  in¬ 
homogeneity  of  the  material.  Lateral  strain  magnitudes  were  less  than  the 
axial  strain  values,  and  therefore  more  difficult  to  measure  accurately. 
Measurement  of  smaller  strains,  coupled  with  inhomogeneous  surfaces  and  small 
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TABLE  1 

TENSILE  TEST  RESULTS  FOR  x-AXIS  SPECIMENS 


Specimen 

Number 

Average 

(GPa) 

Elastic  Modulus 
(Msi) 

Maximum 

(MPa) 

Stress 

(ksi) 

Failure 

Type 

XT1 

31* 

4.5* 

119 

17.3 

T 

XT  2 

50 

7.3 

101 

14.6* 

T 

XT  3 

43 

6.2 

52** 

7.6** 

T 

48 

7.0 

102** 

14.8** 

T 

49 

7.1 

110** 

16.0** 

T 

43 

6.2 

118 

17.1 

T 

XT  4 

53 

7.7 

108** 

15.6** 

T 

54 

7.9 

102* 

14.8* 

T 

XT5 

34 

5.0 

136 

19.7 

G 

XT6 

32* 

4.6* 

135 

19.6 

G 

XT  7 

— 

-- 

129 

18.7 

T 

XT  8 

61 

8.8 

128 

18.5 

G 

XT  9 

35 

5.1 

102* 

14.8* 

G 

Average 

47 

6.8 

oO 

CM 

i-H 

18.5 

Standard 

Deviation 

8 

1.2 

8 

1.1 

*  -  not  included  in  the  average 

**  -  only  final  failure  strengths  are  included  in  the  average 

—  -  bad  data 

T  -  tab  failure 

G  -  gage  length  failure 


TABLE  2 
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TENSILE  TEST  RESULTS  FOR  y-AXIS  SPECIMENS 


Specimen 

Number 

Average 

(GPa) 

Elastic  Modulus 
(Msi) 

Maximum 

(MPa) 

Stress 

(ksi) 

Failure 

Type 

YT1 

56 

8.2 

104** 

15.1** 

60 

8.7 

117** 

17.0** 

50 

7.3 

98** 

14.2** 

43 

6.2 

101* 

14.6* 

T 

YT2 

— 

148 

21.4 

T 

YT3 

53 

7.7 

110** 

16.0** 

56 

8.1 

146 

21.2 

G 

YT4 

44 

6 . 4 

153 

22.2 

T 

YT5 

26* 

3.8* 

128 

18.6 

T 

YT6 

60 

8.7 

84** 

12.2** 

60 

8.7 

85** 

12.3** 

57 

8.2 

128 

18.5 

T 

YT7 

6  3 

9.1 

154 

22.4 

P 

Average 

54 

7.9 

143 

20.7 

Standard 

Devi at  ion 

7 

1.0 

12 

1.7 

*  -  not  included  in  the  average 

**  -  onlv  final  failure  strengths  included  in  the  average 

--  -  bad  data 

T  -  tab  failure 
0  -  gtige  length  fai  lure 

P  -  fiber  bundle  pullout 
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strain  gage  size  produced  erratic  results.  Extensometers  should  be  much  more 
effective  for  measuring  strains,  both  lateral  and  axial,  in  future  work. 

Average  strength  and  elastic  modulus  values  have  been  calculated  for  each 
of  the  three  coordinate  directions.  Average  strength  values  include  only  final 
strengths  from  tests  which  destroyed  the  specimen.  Modulus  values  from  all 
tests  were  included  in  the  averaging  process.  Values  of  strength  (or  elastic 
modulus)  which  fell  outside  the  range  of  plus  or  minus  one  standard  deviation 
from  the  first  average  were  eliminated  from  the  process  and  a  second  average 
was  calculated.  Eliminated  values  are  denoted  by  one  asterisk.  This  elimin¬ 
ation  was  performed  only  once.  Therefore,  values  may  be  included  in  the  second 
average  which  are  outside  the  range  of  plus  or  minus  one  standard  deviation 
as  determined  the  second  time.  As  can  be  seen  in  the  data,  x  and  y  direction 
mechanical  properties  are  similar  as  would  be  expected  due  to  similar  fiber 
contents.  The  z  direction  fiber  content  was  higher;  therefore,  these  mechan¬ 
ical  properties  should  be  greater  than  those  in  the  x  or  y  directions. 

As  was  previously  mentioned,  z  direction  fiber  bundles  were  spaced  1.57  mm 
(0.622  in)  apart,  while  the  x  and  y  direction  fiber  bundles  were  spaced  1.42  mm 
(0.056  in)  apart.  The  unit  cell  dimensions  are  therefore  1.57  x  1.57  x  1.42  mm 
(0.062  in  x  0.062  in  x  0.056  in)  as  shown  in  Figure  7.  An  estimate  of  the  re¬ 
inforcement  in  the  composite  is  the  number  of  fibers  per  unit  cross-sectional 
area  of  the  unit  cell.  For  z  direction  bundles,  the  cross-sectional  area  of 
the  unit  cell  is  1.57  x  1.57  =  2.46  mm^.  The  corresponding  area  for  x  and 
y  direction  bundles  is  1.57  x  1.42  =  2.23  ram^.  The  reinforcement  per  unit 
area  for  the  z  direction  is  then  15,000/2.46  =  6098  fi lament s/mm^ ,  and  6000/ 
2.23  =  2691  filament s/mm^  for  the  x  and  y  directions.  If  it  is  assumed  that 
the  matrix  material  adds  little  to  the  tensile  strength  and  stiffness,  then 
the  z  direction  tensile  properties  should  be  6098/2691  =  2.27  times  greater 


x  Direction 
6,000  filaments 


FIGURE  7 

UNIT  CELL  DIMENSIONS  FOR  THE  CARBON-CARBON  COMPOSITE  MATERIAL  TESTED 
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than  the  x  or  y  direction  tensile  properties.  From  the  data  of  Tables  1 
through  3  it  can  be  readily  seen  that  the  z  direction  strengths  are  nowhere 
near  2.7  times  greater  than  the  x  and  y  direction  tensile  strengths.  However, 
no  reliable  z  direction  tensile  strengths  were  obtained  as  all  failures  occurred 
in  the  tab  regions  of  the  specimens. 

The  average  elastic  modulus  in  the  z  direction  is  2.62  times  that  in  the 
x  direction  and  2.28  times  that  in  the  y  direction,  near  the  ratio  of  2.27  pre¬ 
dicted.  This  could  indicate  a  true  z  direction  tensile  strength  of  approximately 
327  MPa  (47  ksi)  is  possible.  As  a  rough  first  approach,  the  reinforcement  per 
unit  cell  area  may  be  used  to  predict  tensile  mechanical  property  ratios. 

2.3  Compression  Testing 
2.3.1  Specimen  Configuration 

Compression  specimens  tested  during  this  program  were  25  mm  (1  in)  long 
with  a  12  mm  (0.5  in)  cross  section.  End  edges  were  beveled  in  an  attempt  to 
reduce  brooming  of  the  ends  during  loading.  A  typical  compression  specimen 
is  shown  in  Figure  8. 

2.6  Compression  Testing  -  Instrumentation 

Strain  gages  were  used  to  measure  specimen  deformations  during  compression 
loading.  As  in  instrumentation  of  the  tensile  specimens,  an  effort  was  made  to 
bond  the  strain  gages  to  fiber  bundle  surfaces  rather  than  to  matrix  material. 
Both  longitudinal  and  lateral  gages  were  installed  in  order  to  measure  both 
elastic  moduli  and  Poisson  expansions.  Due  to  the  limited  size  of  the  speci¬ 
mens,  no  extensometers  were  used;  however,  loading  platen  movement  was  recorded. 
Acoustic  emission  transducers  were  not  used,  again  due  to  space  constraints. 


EXAMPLE  CARBON-CARBON  COMPRESSION  SPECIMEN 
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2.3.2  Results 

Results  of  the  compression  tests  for  all  three  coordinate  directions  are 
shown  in  Table  4.  Twelve  room  temperature  compression  tests  were  performed, 
with  at  least  three  tests  in  each  of  the  three  coordinate  directions.  As  in 
the  tensile  tests,  lateral  strains  were  measured,  but  results  were  too  scattered 
to  obtain  meaningful  Poisson* s  coefficient  values.  Elastic  moduli  were  cal¬ 
culated  from  the  longitudinal  strain  readings,  however. 

All  compression  specimens  failed  at  the  loading  surfaces,  by  crushing 
outward  similar  to  the  failed  specimen  shown  in  Figure  9.  As  these  failures 
did  not  occur  in  the  gage  section,  the  recorded  strength  values  are  probably 
lower  than  the  true  material  strengths.  This  also  would  account  for  the  simi¬ 
larity  between  x,  y  and  z  direction  compression  strength  values.  Compression 
moduli  for  the  z  direction  specimens  are  greater  than  those  for  x  and  y  direc¬ 
tion  specimens.  Too  few  modulus  results  were  obtained  for  y  and  z  direction 
specimens  to  obtain  good  statistical  results. 

2.4  Shear  Testing 

2.4.1  Specimen  Configuration 

A  relatively  new  shear  test,  the  I.osipescu  shear  test  method,  was  used  to 
obtain  the  shear  properties  reported  here.  This  test  method  was  first  intro¬ 
duced  by  Nicolae  losipescu  of  Bucharest,  Romania,  in  the  early  1960*s.  Several 
papers  were  published  (in  Romanian)  in  Romanian  journals  during  the  1963-1965 
time  period,  describing  the  test.  In  .1967,  losipescu  published  a  paper  in  the 
ASTM  Journal  of  Materiajs  [2].  This  method  was  brought  to  the  present  authors* 
attention  by  Mr.  Thomas  Place  of  the  Aeronutronic  Division,  Ford  Aerospace 
&  Communications  Corporation,  Newport  Beach,  California,  where  it  was  being 
used  to  test  three-dimensional  1 y  re inforeed  ceramic  matrix  materials. 
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TABLE  4 

COMPRESSION  TEST  RESULTS 


Specimen  Orientation  Average  Elastic  Modulus  Strength 


Number 

(0.  Pa) 

(Msi ) 

_.(ks T) 

XCl 

X 

72 

10.4 

74 

11.5 

XC2 

68 

9.8 

72 

10.4 

XC3 

54* 

7.9* 

100 

14.5 

XC4 

64 

9.3 

98 

14.2 

Average 

68 

"  9.8 

“  88 

12 . 7 

Standard  Deviation 

4 

0.6 

14 

2.0 

YC1 

y 

79 

11.4 

80 

11.6 

YC2 

— 

— 

75 

10.9 

YC3 

98 

14.2 

86 

12.5 

Average 

88 

12.8 

81 

11.7 

Standard  Deviation 

6 

0.8 

ZC1 

z 

161 

23.3 

97 

14.0 

ZC2 

118 

17.1 

91 

13.2 

ZC3 

— 

— 

94 

13.7 

ZC4 

— 

— 

83 

12.1 

ZC5 

— 

— 

82 

11.9 

Average 

139 

20. 2 

90 

13.0 

Standard  Deviation 

6 

0.9 

*  -  not  included  in  the  average 

—  -  bad  data 
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Specimens  tested  in  this  program  were  51  mm  (2  in)  long,  12.7  mm  (0.50  in) 
tall,  and  10  mm  (0.40  in)  thick;  a  sample  is  shown  in  Figure  10.  Load  is  ap¬ 
plied  as  two  opposing  moments,  as  shown  in  Figure  11,  which  cancel  at  the 
center  plane  of  the  specimen  to  produce  a  state  of  pure  shear.  The  loading 
fixture  which  was  built  for  this  program  is  shown  in  Figure  12. 

2.4.2  Instrumentation 

All  shear  specimens  were  instrumented  with  two  strain  gages  oriented  at 
45°  and  centered  on  the  shear  line.  Due  to  limited  space  in  the  gage  section, 
no  acoustic  emission  measurements  were  taken.  Loading  head  position  was  also 
monitored  throughout  the  tests. 

2.4.3  Results 

Shear  strength  and  modulus  data  are  presented  in  Table  5  for  the  three 
coordinate  directions.  A  total  of  13  shear  tests  were  performed  on  three 
shear  planes.  Load  was  applied  parallel  to  the  second  coordinate  mentioned; 
for  example,  an  xz  specimen  was  sheared  on  the  yz  plane  with  load  applied 
parallel  to  the  z  direction.  The  x  coordinate  direction  would  then  correspond 
to  the  long  axis  of  the  specimen,  perpendicular  to  the  shear  plane. 

Shear  strengths  appear  to  be  quite  consistent,  as  indicated  by  the  low 
standard  deviation  values  for  the  three  sets  of  specimens.  Little  difference 
in  strength  was  noted  between  the  three  different  shear  planes.  The  shear 
strength  for  this  carbon-carbon  material  was  about  16  MPa,  independent  of  the 
fiber  bundle  plane  being  sheared.  Shear  modulus  results  are  somewhat  more 
scattered  but  again  very  little  difference  exists  in  the  values  for  the  three 
different  shear  planes.  Scatter  in  strain  data  was  due  to  problems  with  strain 
gages  on  this  inhomogeneous  material.  Experiments  are  currently  being  continued, 


EXAMPLE  CARBON-CARBON  IOSIPESCU  SHEAR  SPECIMEN 


i  +  P2  Zero  Moment,  Shear  Loading 

. ' .  Pure  Shear  for 

Homogeneous  Material 


FIGURE  11 


LOADING  IN  THE  TOSIPESCU  SHEAR  TEST 
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TABLE  5 

IOSIPESCU  SHEAR  TEST  RESULTS 


Specimen 

Number 

Shear 

Plane* 

Shear 

(GPa) 

Modulus 

(Msi) 

Shear 

(MPa) 

Strength 

(ksi) 

XZ1 

xz 

2.1 

0.31 

15 

2.1 

XZ2 

3.2 

0.46 

14 

2.0 

XZ3 

1.4 

0.20 

17 

2.5 

XZ4 

2.1 

0.31 

16 

2.3 

XZ5 

1.0** 

0.15** 

18 

2.6 

Average 

2.2 

0.32 

16 

2.3 

Standard 

Deviation 

0.8 

0.11 

2 

0.3 

YX1 

yx 

2.5 

0.36 

15 

2.2 

YX2 

1.0** 

0.15** 

15 

2.2 

YX3 

1.4 

0.20 

14 

2.0 

YX4 

— 

— 

17 

2.4 

Average 

1.9 

0.28 

15 

2.2 

Standard 

Deviation 

1 

0.2 

ZY1 

zy 

2.6 

0.37 

19 

2.7 

ZY2 

2.6 

0.37 

17 

2.4 

ZY3 

3.4 

0.50 

17 

2.4 

ZY4 

1.9 

0.28 

16 

2.3 

Average 

2.6 

0.38 

17 

2.4 

Standard 

Deviation 

0.6 

0.09 

1 

0.2 

*  -  xz  plane,  load  was  applied  perpendicular  to  x,  parallel  to  z,  etc. 

**  -  not  included  in  the  average 

—  -  bad  data 
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Identification  Of  Damage  Initiation  And  Failure  Modes 
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3.1  Acoustic  Emission 

Acoustic  emission  was  monitored  during  14  tensile  tests,  using  two  trans¬ 
ducers  with  resonant  frequencies  of  230  kHz.  The  cumulative  count  of  acoustic 
emission  events  was  recorded  throughout  each  test.  Due  to  limited  specimen 
surface  area  on  shear  and  compression  specimens,  acoustic  emission  was  moni¬ 
tored  during  tensile  tests  only. 

Data  processing  consisted  of  plotting  stress  versus  cumulative  acoustic 
emission  and  stress  versus  strain  on  one  plot  for  each  specimen.  An  example 
of  such  a  plot  is  shown  in  Figure  13.  Cumulative  acoustic  emission  event 
count  is  plotted  along  the  x-axis,  with  stress  plotted  on  the  y-axis.  Super¬ 
imposed  on  this  is  the  stress-strain  curve  recorded  for  this  test.  As  can  be 
seen  in  the  curves,  little  acoustic  activity  took  place  until  a  stress  level 
of  about  97  MPa  (14  ksi)  was  reached.  At  this  stress  level,  significant  acoustic 
activity  took  place,  followed  by  a  "quiet11  period  as  stress  increased.  Acoustic 
emissions  began  to  reoccur  as  ultimate  stress  was  approached,  with  a  great 
deal  of  activity  occurring  just  before  and  during  specimen  failure.  Notice, 
however,  no  irregularities  are  present  in  the  stress-strain  curve  during  high 
acoustic  emission  activity.  Plots  for  the  other  13  specimens  were  very  similar 
to  the  plot  shown  in  Figure  13.  If  an  acoustic  threshold  stress  is  defined  as 
the  stress  at  which  significant  activity  begins,  then  the  threshold  stress  for 
the  test  shown  in  Figure  13  is  about  97  MPa.  Threshold  stresses  and  ultimate 
strengths  for  this  test  and  the  other  acoustically  monitored  tests  are  listed 
in  Table  6.  As  can  be  seen  from  these  data,  significant  acoustic  activity  was 
apparent  well  before  actual  specimen  failure.  Acoustic  thresholds  ranged  from 


30  to  75  percent  of  ultimate  failure  stresses. 
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TABLE  6 

DAMAGE  INITIATION  DETERMINED  BY  ACOUSTIC  EMISSION  DURING  TENSILE  TESTS 


Specimen 

Number 

Orientation 

Threshold 

(MPa) 

Stress 

(ksi) 

Ultimate 

(MPa) 

Stress 

(ksi) 

XTl 

X 

69 

10 

119 

17.3 

XT  2 

76 

11 

101 

14.6 

XT5 

41 

6 

136 

19.7 

XT  6 

48 

7 

135 

19.6 

XT  8 

90 

13 

128 

18.5 

XT  9 

34 

5 

102 

14.8 

YT4 

y 

41 

6 

153 

22.2 

YT5 

48 

7 

128 

18.6 

YT7 

97 

14 

154 

22.4 

ZT3 

z 

97 

14 

183 

26.6 

ZT4 

48 

7 

148 

21.5 

ZT5 

69 

10 

139 

20.2* 

ZT5 

48 

7 

142 

20.6 

ZT6 

48 

7 

180 

26.1 

ZT7 

48 

7 

150 

21.8 

*  pulled  out  of  tabs  during  first  test 
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3.2  Tensile  Damage  Thresholds 

Acoustic  emission  was  monitored  in  an  effort  to  determine  at  what  point 
in  the  loading  of  a  specimen  that  irreversible  damage  occurred  within  the 
material.  To  identify  this  damage,  specimens  were  loaded  past  their  individual 
acoustic  thresholds  but  not  to  failure.  These  specimens  were  then  sectioned 
and  examined  with  the  scanning  electron  microscope  (SEM) .  For  comparison, 
sections  were  examined  from  material  which  had  never  been  loaded. 

A  SEM  photograph  of  nonloaded  carbon-carbon  is  shown  in  Figure  14.  Mag¬ 
nification  in  this  photograph  is  100X.  Fiber  bundles  are  present  along  the 
right  side  and  along  the  bottom  of  the  picture.  These  fibers  are  parallel  to 
the  plane  of  the  page  at  the  bottom  edge,  and  perpendicular  to  the  page  along 
the  right  hand  side.  Notice  the  cavity  formed  by  the  intersecting  bundles  in 
the  upper  left  hand  comer.  The  matrix  material  has  contracted  to  form  a  sphere 
which  sits  in  this  cavity.  These  spheres  were  very  loose  and  tended  to  fall 
out  if  the  material  was  sectioned  such  that  the  cavity  was  opened. 

A  similar  section  view  of  the  carbon-carbon  is  shown  in  Figure  15.  However, 
this  specimen  was  cut  from  a  partially  loaded  z  direction  tensile  specimen. 

This  tensile  specimen  was  loaded  just  past  the  point  at  which  significant 
acoustic  activity  took  place,  approximately  66.9  MPa  (9.7  ksi) ,  then  unloaded. 

A  longitudinal  section  was  cut  for  examination  in  the  SEM.  The  photograph 
shown  in  Figure  15  is  a  100X  view  of  the  interior  of  the  tensile  specimen; 
loading  is  along  the  horizontal  axis  of  the  photograph.  Notice  the  crack 
originating  at  the  unit  cell  running  parallel  to  the  z  direction  fiber  bundle 
along  the  bottom  of  the  picture.  This  cracking  could  be  the  source  of  the 
initial  acoustic  activity  and  is  evidence  that  material  damage  occurs  well  be¬ 
fore  ultimate  failure. 
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3*3  Compression  Failure  Modes 

As  was  previously  discussed,  all  compression  failures  occurred  at  or  near 
the  loading  plattens.  No  acoustic  monitoring  was  performed  during  these  tests, 
therefore,  no  partial  loading  tests  were  performed.  Failed  compression  speci¬ 
mens  were  sectioned  and  examined  in  the  SEM,  however. 

Typical  compression  failures  occurred  as  a  result  of  local  fiber  micro- 
buckling,  as  shown  in  Figure  16.  Compression  loading  was  along  the  vertical 
axis  in  this  photograph;  the  magnification  is  150X.  Fibers  buckled  locally  in 
bands  near  the  actual  transverse  fracture  plane.  Typically,  several  bands  were 
present  near  the  fracture  surface.  These  photographs  of  compression  failed 
carbon-carbon  are  remarkably  similar  to  microphotographs  taken  at  the  University 
of  Wyoming,  of  compression  failed  graphite/epoxy  [3].  Although  the  matrix  ma¬ 
terial  is  very  different  between  carbon-carbon  and  graphite/epoxy,  the  com¬ 
pression  failure  mechanisms  are  the  same. 

3.4  Shear  Failure  Modes 

Failed  shear  specimens  were  also  examined  with  the  SEM.  A  typical  failure 
of  an  Iosipescu  shear  specimen  is  shown  in  Figure  17,  at  a  magnification  of 
130X.  Shear  loading  for  this  specimen  was  on  a  plane  perpendicular  to  the 
page,  parallel  with  the  vertical  axis  of  the  photograph.  The  view  shown  in 
Figure  17  is  on  an  internal  plane;  the  specimen  was  sectioned  along  the  longi¬ 
tudinal  axis.  Two  cracks  are  present,  parallel  to  each  other.  The  first  and 
most  prominent  is  in  the  left  one-third  of  the  photograph  while  the  second, 
smaller  crack  is  near  the  right  hand  edge.  Several  cracks  similar  to  these 
were  typically  found  near  the  center  section  of  each  of  the  Iosipescu  sheai 


spec imens . 


As  a  check  on  the  validity  of  the  shear  strength  values,  three  compression 
tests  were  performed  on  specimens  whose  x  and  y  coordinates  were  oriented  at 
45  degrees  to  the  loading  direction.  Compressive  load  was  thus  applied  paral¬ 
lel  to  the  z  axis,  at  an  angle  with  the  x  and  y  axes.  Failure  strengths  for 
these  three  tests  are  listed  in  Table  7.  Notice  the  values  compare  closely 
with  the  shear  strengths  listed  in  Table  5.  Examination  of  sectioned  failed 
specimens  revealed  extensive  cracking  present  parallel  to  the  x  and  y  direction 
fiber  bundles.  One  such  crack  is  shown  in  Figure  18.  This  view  is  looking 
parallel  to  the  load  direction  at  a  cross  section  cut  from  the  center  of  the 
specimen.  Notice  how  the  crack  proceeds  around  the  fiber  bundle.  The  crack 
is  also  quite  deep  into  the  specimen;  the  fiber  bundle  is  essentially  loose 
within  the  matrix,  held  in  place  by  loose  matrix  material,  and  other  fiber 


bundles . 


41 


TABLE  7 

COMPRESSION  TEST  RESULTS  FOR  45  DEGREE  SPECIMENS 


Specimen 

Nu  'ier 

Compression 
_ _(MPa) _ 

Stress 
(ksi) _ 

Shear 

(MPa) 

Stress 

(ksi) 

C41 

30.4 

4.41 

15.2 

2.21 

C42 

31.2 

4.53 

15.6 

2.26 

C43 

32.1 

4.65 

16.1 

2.33 

FIGURE  18 


CRACK  IN  A  45  DECREE  COMPRESSION  SPECIMEN,  100X 


SECTION  4 


Conclusions 

The  purpose  of  this  program  was  to  characterize  a  specific  orthogonal 
weave  carbon-carbon  material.  During  the  course  of  this  first-year  effort, 
a  great  deal  of  experience  was  gained  in  test  methods,  specimen  design,  and 
instrumentation. 

Tensile  testing  of  this  material  was  one  of  the  more  difficult  problems. 
Several  different  versions  of  a  tabbed  specimen  were  tried,  with  only  moderate 
success.  The  major  difficulty  was  related  to  the  low  shear  strength  of  the 
material  as  compared  to  the  tensile  strength.  Possible  solutions  to  the  re¬ 
sulting  gripping  problem  would  be  to  use  longer  specimens,  an  option  not 
available  during  this  program  because  of  the  size  of  the  billet  available, 
or  to  try  a  mechanical  gripping  arrangement  instead  of  using  adhesives.  New 
tensile  specimen  configurations  are  being  used  in  the  second-year  effort. 

Compression  specimen  design  was  also  a  problem  in  this  program.  Most 
failures  took  place  at  the  loading  plattens.  This  problem  can  be  corrected 
by  using  a  center  tapered  compression  specimen  to  insure  the  maximum  stress 
is  in  the  center  of  the  gage  section. 

The  success  of  the  Iosipescu  shear  test  was  one  of  the  more  encouraging 
results  of  the  program.  Test  results  were  very  repeatable  and  consistent  with 
results  from  other  types  of  shear  tests.  The  Iosipescu  shear  test  is  simple 
and  inexpensive  to  perform,  and  should  be  investigated  further  for  use  with 
other  materials. 

Strains  during  most  tests  were  measured  with  strain  gages,  a  method  that 


was  only  partially  successful.  Due  to  the  inhomogeneity  of  the  surface, 
strain  measurements  were  scattered  and  of  little  value  where  strain  magnitudes 
were  small.  Large  strain  gages  must  be  used  (not  practical  on  small  specimens). 


A  better  way  must  be  found  to  apply  them,  or  extensometer s  should  be  used  to 
measure  strains  in  this  material.  During  the  second-year  effort,  much  greater 
use  will  be  made  of  extensometers . 

Damage  initiation  and  damage  modes  were  identified.  Acoustic  emission 
monitoring  and  SEM  examination  of  partially  loaded  tensile  specimens  showed 
that  material  damage  occurred  well  before  ultimate  tensile  failure.  This 
damage  was  separation  of  fiber  bundles  from  the  matrix,  indicated  by  cracks 
along  the  fiber  bundles  in  partially  loaded  tensile  specimens. 

Compression  specimens  tended  to  fail  due  to  microbuckling  of  the  fibers. 
However,  these  results  are  somewhat  inconclusive  as  failures  occurred  near  the 
loading  plattens.  Further  work  in  this  area  is  currently  in  progress. 

Failed  Iosipescu  shear  specimens  showed  cracks  in  the  matrix  material  at 
the  failure  plane.  Shear  failures  tended  to  occur  along  the  matrix-fiber 
bundle  interface,  as  would  be  expected. 

Work  on  the  second-year  effort  has  now  begun  with  receipt  of  the  material, 
a  polar  weave  carbon-carbon  ring. 
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